Sewage sludge and crude glycerine were co-digested in the mesophilic digester of Hoogstraten wastewater treatment plant. Additions of up to 1 kg of crude glycerine/(m³ reactor).(day) were done without significant operational problems. At higher dosage, severe digester foaming was observed.
INTRODUCTION
Anaerobic sludge digestion is an essential step in the costefficient treatment of sewage sludge in Flanders. Not only can a significant reduction in sludge disposal costs be accomplished, but the resulting biogas can be valorised. In 2010, sludge digestion in the 17 Aquafin digestion installations reduced the total sludge amount to be disposed of from 104,529 to 92,399 tonne of solids. Apart from mere heat production, around 7,000 MWh of green electricity was produced (Aquafin ).
With the increasing importance of energy production in the water cycle, there is a significant optimisation potential in the actual operation of the Aquafin sludge digestion infrastructure. Low specific biogas yields due to the decreasing amounts of primary sludge in the digester would give rise to a heat deficit in winter time if all the biogas were to be used for combined heat and power (CHP) production. Consequently, the biogas is partly used for mere heat production instead of CHP. An estimated 15% of the total Aquafin biogas production in 2010 was in this way lost for electricity generation.
The most evident way to increase the specific biogas yield of the feed sludge is to increase the dry matter content. The actual technological lay-out of the existing Aquafin digestion installations, however, does not admit a higher viscosity of the feed sludge. Change in reactor concept (e.g. heat exchanger integrated in the wall) or installation of some kind of pre-treatment on the feed sludge (Tiehm et al. ; Jolis ) can neutralise the negative effects of the higher viscosity, but requires significant investment. A less capital-intensive and directly applicable measure to enhance the specific biogas yield of the sludge is the dosage of crude glycerine.
Crude glycerine is a by-product of the biodiesel industry and, as a substrate for co-digestion with sewage sludge, it has a number of advantages. First of all there is the high chemical oxygen demand (COD) content, which surpasses 1,000 g/kg for 80% glycerine. Therefore the addition of relatively small amounts of glycerine can have a significant impact on the biogas production without shortening the hydraulic residence time (HRT). Furthermore, it is a liquid product without suspended solids, which can easily be handled, pumped and mixed in the sludge stream. Finally, it contains no substantial amounts of nutrients which can influence the treatment cost of the sludge water.
The feasibility of glycerine dosage was investigated by means of a full-scale test at Hoogstraten wastewater treatment plant (WWTP). The following issues were addressed:
1. Does the dosage of glycerine give rise to operational problems? 2. Is the methane production comparable to what is expected? 3. Is there a synergistic effect noticeable?
MATERIALS AND METHODS
The WWTP of Hoogstraten treats the sewage of 23,400 people equivalents (PE). It consists of a mechanical treatment step, followed by two anoxic tanks. In combination with two Carrousel aeration basins, biochemical oxygen demand and nitrogen are removed. Phosphate is removed chemically. Settling of the activated sludge happens in three final clarifiers. The waste sludge is thickened by a thickening table and after a buffering step treated in a mesophilic digester of 1,800 m³ with a HRT of 20 days or more. The biogas is primarily used to produce electricity in a 200 kW gasmotor. A dual fuel boiler is used for extra heating. Apart from the 450 tonnes of solids of internal secondary waste sludge, also 753 tonnes of solids of external secondary waste sludge and 189 tonnes of solids of septic material were digested at Hoogstraten WWTP in 2010. After digestion, the sludge is dewatered by a decanter centrifuge. The dewatered sludge is then transported for thermal drying and subsequent thermal valorisation in a cement kiln.
From October 12th to November 24th 2010 glycerine was dosed to the digester of Hoogstraten for a period of 44 days. The crude glycerine that was used consists of a minimum 80% of pure glycerol and 20% of water, salts and traces of, for example, methanol. The guaranteed quality of the used glycerine is given in Table 1 .
The composition of the glycerine was analysed thoroughly for nutrients and heavy metals before the start of the test. Due to the small added volumes of glycerine, these results did not indicate possible problems for the waterline, digester performance or sludge disposal. During the test the glycerine was only monitored for COD content on a daily basis. The glycerine was stored in a container and dosed by means of a progressive cavity pump. The dosing scheme is represented in Table 2 . The mentioned average quantities and loading rates are based on our experimental data. The organic loading rate (OLR) of the digester of Hoogstraten was increased by 10-33% through the addition of glycerine. Biogas flow, sludge flow, glycerine flow, produced electrical power, total solids (TS) content of the feed sludge and temperatures were logged on-line. The gasflow meters did not have an automatic standard temperature and pressure correction. Therefore the biogas production was converted to Nm³ (1.013 bar, 273.15 K) using the daily average digester temperature and the measured pressures before the different gas flow meters. TS and volatile solids (VS) content, COD, soluble COD, pH, conductivity, total N, NH 4 þ -N and volatile fatty acids (VFA) were measured every weekday. Biogas composition was analysed once a week. All the analyses were performed at the Aquafin central laboratory following the internal standards.
RESULTS AND DISCUSSION
No operational problems were encountered during the dosage of glycerine. The concentration of VFA in the digested sludge was mostly below detection limit (5 mg/L).
Only acetic acid and propionic acid concentrations rose sporadically above the detection limit with a peak value for acetic acid of 34 mg/L (data not shown).
Additions of up to 1.74 tonne/day of crude glycerine (1 kg/(m³ reactor).(day)) could be processed without significant foaming problems in the digester. A short increase of the dosage to 2.02 tonne/day on day 94 caused the formation of a 1 m foam layer within 24 hours. After this incident the experiment was stopped. The foaming event is thought to be enhanced by the significant fluctuations in COD content of the glycerine at the feeding pump. This was due to the fact that no mixing equipment was incorporated in the glycerine buffer. Periodical mixing of the glycerine in the container is thus recommended. The question of the optimal dosage of glycerine has been addressed by several authors ( The produced electrical energy per Nm³ of biogas rose slightly (approximately 1%) during the period of lowest glycerine dosage as compared to the period before glycerine dosage, even though a small decrease in biogas methane content was observed from 65 to 63.5% (data not shown). The higher biogas production makes it possible for the CHP station to function more constantly with a subsequent higher global efficiency.
The comparison between the measured and the expected daily average methane production for every dosage is given in Figure 1 . The expected methane production for every period was calculated. For glycerine, the formula of Buswell and the ideal gas law were used. The maximal methane production from pure glycerol is 426 Nm³ per tonne; for 80% crude glycerine this becomes 341 Nm³ per tonne. The degradability of glycerol was assumed to be 100%. For the expected methane production from sludge, an average degradability on TS basis of 22% was assumed. This was the yearly average in 2009. A specific biogas production of 800 Nm³ per tonne of degraded TS was used. This is the expected value for proteins (VDI ). The assumed methane content was 65%, based on historical data from Hoogstraten WWTP. For both estimations, the substrate use necessary for cell growth is not incorporated. The loss of biogas production due to cell growth is in the order of magnitude of 10%. The estimated methane potentials are thus to be considered as maximal values considering the used degradabilities.
Before and after glycerine dosage, the measured methane production was respectively 34 and 27% lower than expected. These percentages exceed the 10% that could be explained by the influence of cell growth. A possible explanation is that the degradability was lower than 22%. Before dosage (August-September) the VS content of the incoming sludge dry matter was lower than average due to seasonal variations, and consequently the degradability was also lower. For the period after dosage the reference period was not long enough to have a representative result. Another explanation could be that the specific biogas production for degraded sludge VS of 800 Nm 3 per tonne of organic dry solids was not achieved. Despite the seemingly overestimated expected values, the measured methane production during periods II and III of the glycerine dosage were still respectively 20 and 13% higher than expected. During period I, the measured methane production was 2% lower than the expected value. Nevertheless, there is a clear improvement to be seen in comparison to the periods before and after dosage. For all three periods there are thus indications of a synergistic effect of the glycerine dosage on the methane production from sludge.
The degradability of the total COD and VS load per period is given in respectively Figure 2 and Figure 3 . The total degradability is higher during glycerine dosage for both COD and VS since an increased quantity of easily degradable substrate is added. The values range from 34.5 to 46.3% for COD and 36.7 to 50.6% for VS. In all cases the measured amounts of broken-down COD and VS are insufficient to justify the measured biogas production (data not shown).
Assuming the glycerine is broken down completely, an estimation of the degradability of the sludge in each period is made. Looking at Figure 3 , the estimated sludge degradability for period I to III is higher than the degradability before start of the dosage. The highest sludge degradabilities are observed in the period after Table 2. dosage and are 28.1 and 35.6% respectively on COD and VS basis (see Figure 2 and Figure 3 ). Due to the short reference period, these results should be treated with caution.
The VS content of the digested sludge slightly increased during the dosage of glycerine (see Table 3 ). After glycerine dosage the VS content of the sludge restored itself to the level before dosage. Ma et al. () and Fountoulakis et al. () respectively found a rise in VS of 3 and 5.8 g/L due to the dosage of glycerine. This is explained by the latter authors to be due to the enhanced growth of active biomass. Since the VS content of the ingoing sludge in this experiment was higher than before and after dosage (see Table 3 ), the rise in VS content of the digested sludge cannot unambiguously be attributed to the dosage of glycerine.
In the setting of this full-scale test, the mechanism behind the synergistic effect was not further investigated. On the one hand, there is the hypothesis concerning the enhanced biological activity as stated by Fountoulakis et al. () . On the other hand, a significant rise in digester temperature was registered during the experiment (see Table 3 ), which also had an influence on the methane production. A further exploration of this mechanism needs to be done in a more controlled set-up.
Over the whole considered period of glycerine dosage (day 51-93), every tonne of added crude glycerine caused an average methane production of 489 Nm³ compared to the period before dosage (day 1-50), whereas the average solids feed originating from sludge was approximately 35% higher before than during glycerine dosage. The maximal theoretical methane potential of the used crude glycerine (80% glycerol) is only 341 Nm³ CH 4 per tonne. Siles Lopez et al. () found a methane yield of 0.306 m³ per kg acidified glycerol with a COD content of 1,010 g COD/kg, whereas Ma et al. () found average methane yields of 240-390 m³ per tonne of glycerine depending on the glycerol content. The synergistic effect of co-digested glycerine has already been mentioned by several authors. Amon et al. () observed this effect during the co-digestion of pig-manure and glycerine. Fountoulakis et al. () found a surplus methane production that was 66% higher during co-digestion than what could be expected from the separate digestion of glycerine and sewage sludge.
In the post-treatment, no significant impact of glycerine dosage has been registered on the dewatering results. The average end dry-matter content fluctuated over the different periods between 25.0 and 25.3% while the average polymer usage was 16.3-16.6 kg active polyectrolyte per tonne of dry solids. Hence, co-digestion of crude The period of glycerine dosage, 44 days, only comprised 1.6 sludge residence times. Therefore, the longterm effect of the glycerine dosage needs to be further investigated. Nevertheless, a substantial improvement in biogas production was accomplished in comparison to the periods before and after glycerine dosage. Therefore a long-term full-scale test can be considered as an economically feasible option.
Further analysis was performed to estimate the operational profit margin of glycerine dosage in all Aquafin digesters. Limiting the dosage to what is strictly necessary to ensure year-round stable temperatures in the digester, and only considering investments with a payback time of less than 3 years, up to 2,900 MWh of extra electricity could be produced as compared to 2010. The amount of glycerine needed is estimated to be 870 tonne/year.
CONCLUSION
Co-digestion of sewage sludge with up to 1 kg of crude glycerine/(m³ reactor).(day) was done without significant operational problems. Nevertheless, foaming is still a problem at higher dosage. With an average surplus methane production of 489 Nm³ per tonne of crude glycerine added, the recuperated amount of methane substantially surpasses the theoretical production, indicating the occurrence of a synergistic effect. Furthermore no additional costs for sludge disposal are to be expected. Based on these results, it can be concluded that glycerine is in more than one way a suitable co-substrate for the optimisation of the operation of existing sewage sludge digesters. Further analysis has marked a great potential for glycerine dosage in sewage sludge digestion in Flanders.
